Background: The molecular mechanism of smooth muscle cell (SMC) migration, a crucial event in atherosclerosis, is not well understood. Results: The de novo matricellular protein Cyr61 bridges lysophosphatidic acid (LPA) and integrin pathways, activating focal adhesion kinase (FAK) and leading to cell migration.
Lysophosphatidic acid (LPA), a potent bioactive lipid found in atherosclerotic lesions, markedly induces smooth muscle cell (SMC) migration, which is an important process in atherogenesis. Therefore, understanding the mechanism of LPA-induced SMC migration is important. Several microarray databases suggest that the matricellular protein Cyr61 is highly induced by LPA. We hypothesized that Cyr61 mediates LPA-induced cell migration. Our data show that LPA induced temporal and spatial expression of Cyr61, which promptly accumulated in the cellular Golgi apparatus and then translocated to the extracellular matrix. Cyr61 antibody blockade and siRNA inhibition both diminished LPA-induced SMC migration, indicating a novel regulatory role of Cyr61. SMCs derived from LPA receptor 1 (LPA 1 ) knock-out mice lack the ability of Cyr61 induction and cell migration, supporting the concept that LPA 1 is required for Cyr61 expression and migration. By contrast, PPAR␥ was not found to be involved in LPA-mediated effects. Furthermore, focal adhesion kinase (FAK), a nonreceptor tyrosine kinase important for regulating cell migration, was activated by LPA at a late time frame coinciding with Cyr61 accumulation. Interestingly, knockdown of Cyr61 blocked LPA-induced FAK activation, indicating that an LPA-Cyr61-FAK axis leads to SMC migration. Our results further demonstrate that plasma membrane integrins ␣6␤1 and ␣␤3 transduced the LPA-Cyr61 signal toward FAK activation and migration. Taken together, these data reveal that de novo Cyr61 in the extracellular matrix bridges LPA and integrin pathways, which in turn, activate FAK, leading to cell migration. The current study provides new insights into mechanisms underlying cell migration-related disorders, including atherosclerosis, restenosis, and cancers.
Lysophosphatidic acid (LPA) 3 is a potent bioactive lipid component in oxidized LDL (1) and is likely the principal lipid component responsible for markedly inducing vascular smooth muscle cell (SMC) migration (2); SMC migration is one of the most important processes in the vascular lesion formation involved in atherosclerosis and restenosis. Although the phenomenon of LPA induction of cell migration is well known, the molecular mechanism by which LPA mediates cell migration is not yet fully understood. In particular, the functional role of matricellular proteins in LPA-induced cell migration has not been elucidated.
To explore the involvement of specific extracellular molecules in the LPA signaling pathway, we analyzed available published transcriptomic data and found that LPA markedly induces matricellular protein Cyr61 (CCN1) expression in fibroblasts and gastric adenocarcinoma cells (3) (4) (5) . These microarray data were from the European Bioinformatics Institute (EBI)/ArrayExpress database (accession numbers E-NCMF-16, E-NCMF-17, E-NCMF-18, and E-NCMF-19) and GEO Microarray Database (accession numbers GSE10226 and GSE26309). Cyr61/Cef10 is a cysteine-rich matricellular protein. Chicken Cef10 and mouse Cyr61 were originally identified as growth factor-inducible genes by two groups (6, 7) . Exogenous recombinant Cyr61 has been reported to induce angiogenesis (8) and promote cell proliferation, migration, adhesion, and differentiation (9, 10) . In the present study, we hypothesized that endogenous Cyr61, induced by LPA, mediates LPA signaling, leading to SMC migration. To determine possible extracellular matrix (ECM) protein involvement in LPA-induced cell migration, we used primary SMCs isolated from wild type C57BL/6J mice and examined the effect of LPA on Cyr61 temporal and spatial expression in SMCs. We observed specific and dramatic induction of Cyr61 expression stimulated by LPA in vascular SMCs. We further explored the role of Cyr61 in LPA-induced SMC migration and related molecular mechanisms.
LPA elicits cellular responses mainly via its cognate G-protein coupled receptors (11) . At least six specific G-protein-coupled receptors that trigger LPA signaling pathways have been identified: LPA [1] [2] [3] [4] [5] [6] (12) . It has also been shown that LPA binds the nuclear receptor peroxisome proliferator-activated receptor (PPAR␥) and induces PPAR␥-dependent gene expression (13) . In the present study, the specific PPAR␥ antagonist and primary SMCs isolated from wild type and LPA receptor knock-out mice were used to determine the specific role of LPA receptors and PPAR␥ involvement in LPA-induced Cyr61 expression and SMC migration.
Cyr61 transduces signals through cell surface integrins (14). In SMCs, Cyr61 binds to integrin ␣6␤1 (15). The possibility that de novo Cyr61, induced by LPA, could signal through integrin engagement led us to further hypothesize that de novo Cyr61 produced by LPA might serve as a novel bridging molecule for LPA and integrin signaling.
The studies presented here demonstrate that LPA, via the activation of a specific cell membrane receptor, regulates Cyr61 expression. We further show that the induced Cyr61 proteins transiently accumulate in the Golgi apparatus and translocate to the ECM. Several approaches employed in determining the role of de novo Cyr61 in LPA-induced cell migration established the novel function of Cyr61. Notably, depletion of Cyr61 expression or integrin expression with siRNA largely blocked LPA-induced cell migration. Neutralizing extracellular Cyr61 with Cyr61 antibody or the use of integrin antibodies inhibited LPA-induced cell migration. These data reveal a new mechanism by which the de novo Cyr61, an extracellular signaling molecule, bridges LPA and integrin signal cascades and thus outlines a new pathway controlling cell migration.
EXPERIMENTAL PROCEDURES
Reagents-LPA (1-oleoyl-2-hydroxy-sn-glycero-3-phosphate) was purchased from Avanti Polar Lipids. TRIzol reagent and the ThermoScript RT-PCR system were from Invitrogen. The RNeasy kit was from Qiagen. GeneAmp PCR core reagents were from Applied Biosystems. Antibodies against mouse Cyr61 were from R&D Systems; antibody against LPA 3 was from Cayman Chemical; antibody against ␤-actin was from Sigma; and antibody against ␥-adaptin was from BD Transduction Laboratories. Antibodies against integrins ␤1, ␤3, ␤4, and ␤5, were from Cell Signaling Technology. Antibody against ␣6 was from Santa Cruz Biotechnology. Antibody against ␣␤3 was from Millipore. GoTaq Flexl DNA polymerase and the reverse transcription system were from Promega. Recombinant Cyr61 protein was from Abcam. The LPA receptor primers used for conventional PCR were as follows: LPA1, 5Ј-AGC TGC CTC TAC TTC CAG C-3Ј (forward) and 5Ј-TTG CTG TGA ACT CCA GCC AG-3Ј (reverse); LPA2, 5Ј-ATG GGC CAG TGC TAC TAC AAC G-3Ј (forward) and 5Ј AGG GTG GAG TCC ATC AGT G-3Ј (reverse); LPA3, 5Ј-GAC AAG CGC ATG GAC TTT-3Ј (forward) and 5Ј-CAT GTC CTC GTC CTT GTA CG-3Ј (reverse); LPA4, 5Ј-GTT GTA TTC ATC CTG GGT CT-3Ј (forward) and 5Ј-AGC GAC TCC ATC CTT ATA TG-3Ј (reverse); and LPA5, 5Ј-TGC TCT GAC CTT GTT GTT CC-3Ј (forward) and 5Ј-AGC AAC CCA TAT ACA GCC AGC G-3Ј (reverse).
RT-PCR Assay-mRNA expression levels of various LPA receptors were evaluated. Total RNA was isolated from SMCs using TRIzol reagent. The first strand of cDNA was reversetranscribed using a reverse transcription system. The cDNA products were amplified using GoTaq Flexl DNA polymerase. Amplification conditions were as follows: 5 min at 95°C and 27-33 cycles of 30 s at 95°C, 30 s at 55°C, and 1 min at 72°C. The reaction was followed by a final extension for 10 min at 72°C. The PCR products were analyzed by electrophoresis on a 1.0% agarose gel.
Tissue Culture-Mouse aortic SMCs were prepared from explants of excised aortas of mice as described previously (16). Cells were maintained in DMEM containing 10% fetal bovine serum. Cells were made quiescent by incubation in serum-free DMEM for 48 h. LPA was dissolved in PBS. Human aortic endothelial cells were from Life Technologies. Cells were cultured according to the manufacturer's instructions. The production and characterization of mice deficient in LPA receptors 1, 2, and 3 have previously been described (17-19).
Western Blot Analysis-Cultured mouse SMCs were rinsed with cold PBS and lysed in Western blot lysis buffer (50 mM Tris-HCl, pH 6.8, 8 M urea, 5% mercaptoethanol, 2% SDS, and protease/phosphatase inhibitors) with sonication for 30 s on ice. Cellular proteins were separated by 10% SDS-PAGE and transferred to a polyvinylidene fluoride membrane (Immobilon-P, Millipore). Membranes were then probed with the specific antibodies, and the specific protein bands were viewed using ECL Plus (GE Healthcare).
Northern Blot Analysis-Total cellular RNA was isolated using TRIzol reagent according to the manufacturer's instructions. Total RNA (8 -10 g) was subjected to denaturing electrophoresis on formaldehyde-agarose gels. RNA was blotted onto Nytran membranes (Schleicher & Schüll) and hybridized with radiolabeled cDNA probes. 18 S and 28 S ribosomal RNA were used as internal controls.
Immunoprecipitation-Cells were lysed in immunoprecipitation lysis buffer (1% CHAPS, 30 mM Tris-HCl, pH 8.0, 150 mM NaCl, 5 mM EDTA, and protease/phosphatase inhibitor mixture). After sonication for 20 s, total cell lysates were centrifuged at 14,000 ϫ g for 5 min at 4°C to remove cell debris, and the supernatants were incubated with Cyr61 antibody (R&D Systems) for 3 h with rotation at 4°C. Protein A-Sepharose beads were then added and incubated with rotation overnight at 4°C. After washing five times with cold PBS, the immunoprecipitates were separated by SDS-PAGE and probed with Cyr61 antibody.
Immunofluorescence-SMCs grown on cover glass slides were fixed in 4% ice-cold paraformaldehyde solution for 30 min followed by treatment with or without 0.3% Triton X-100 in PBS for 5 min at room temperature. The cells were then incubated for 1 h in 5% goat serum blocking buffer (Sigma) plus 0.1% Tween 20 in PBS and incubated with Cyr61 antibody or ␥-adaptin in 1/100 dilution overnight at 4°C. After being washed with PBS three times (5 min each), the cells were incubated with the secondary antibody, goat anti-sheep IgG Alexa Fluor 488, or Rhodamine Red-X-conjugated AffiniPure goat anti-mouse IgG for 2 h at room temperature. Then the cells were washed with PBS four times (5 min each) at room temperature, incubated with DAPI for 2 min, and washed with PBS three times (5 min each) at room temperature. Subsequently, the coverslips were mounted on slides with permanent aqueous mounting medium (Biogenex), and the labeled cells were analyzed by fluorescence microscopy with a Nikon Eclipse E600 microscope.
siRNA Treatment-Cells were transfected with nonsilencing or specific siRNA (Qiagen) for 48 h using Lipofectamine RNAiMAX reagent (Invitrogen) following the instructions provided by the manufacturer. On day 3, cells were starved for 48 h followed by treatment either with or without LPA.
Preparation of Detached Cells and Extracellular MatrixSMCs were grown in 60-mm dishes. After removal of the culture medium and rinsing with PBS, cells were detached from the dish by incubation with 1 mM EDTA. The cells were then rinsed twice with 1 mM EDTA to remove remaining cells. Cellular fractions were lysed as described under "Western Blot Analysis." Extracellular material remaining on the dishes after removal of the cellular components was extracted by scraping at 90°C in 1ϫ Laemmli sample buffer (60 mM Tris-HCl, pH 6.8, 2% SDS, 5% ␤-mercaptoethanol, 5% glycerol). These fractions were designated as ECM as described previously (20).
Cell Migration Assay-Cell migration was performed by trypsinizing SMCs and plating them onto Transwell migration plates from Corning for migration assays. 2 ϫ 10 5 cells were added to the upper chamber. Cells were allowed to migrate through filters (8-m pore size), which had been precoated on both sides with gelatin, in the presence of either medium (600 l) alone or medium with LPA at designated concentrations in the lower chamber. Cell migration was carried out at 37°C in 5% CO 2 for 6 h. Cells remaining on the upper surface of the filter were carefully removed by mechanical scraping. Cells that migrated to the lower side were fixed with methanol and then stained with Harris hematoxylin and eosin. The number of cells that had migrated to the lower surface of the filter was counted in four random objective fields (200ϫmagnification) using a Nikon Eclipse E600 microscope.
Statistical Analysis-Results are means Ϯ S.E. Comparisons between multiple groups were performed using one-way analysis of variance with post hoc t tests. Single comparisons were made using two-tailed, unpaired Student t tests. A p value of 0.05 was considered statistically significant.
RESULTS

LPA Markedly Induces Cyr61 Expression in Vascular SMCs-
The molecular basis for the migration effect of LPA has not been fully elucidated. In particular, whether and how LPA-induced specific matricellular proteins are involved in cell migration has been largely undetermined. Searching the available RNA array databases indicated that LPA markedly induces matricellular protein Cyr61 expression in several cell types (3) (4) (5) . To explore the possible role of extracellular molecule Cyr61 in LPA-induced cell migration, we first determined whether LPA affects the expression profile of Cyr61 in SMCs.
Cultured mouse aortic SMCs were serum-starved for 48 h and then treated with 5 M LPA for various time periods. Cell lysates were analyzed by SDS-PAGE, and Cyr61 protein expression was determined by Western blotting. As shown in Fig. 1A , we found that LPA markedly induced Cyr61 protein expression, peaking at around 3 h. LPA induction of Cyr61 was in a dose-dependent manner (Fig. 1B) . At concentrations above 1 M, LPA significantly induced Cyr61 protein expression. In the following studies, 5 or 10 M LPA was used because these concentrations are in the range of LPA concentrations found in pathological conditions (1, 21) . To address the specificity of LPA induction of Cyr61 in vascular SMCs, we compared Cyr61 expression in response to LPA in vascular endothelial cells. As shown in Fig. 1C , we found that LPA does not significantly induce Cyr61 expression in aortic endothelial cells, indicating that LPA specifically induces Cyr61 expression in aortic SMCs.
Temporal and Spatial Expression of Cyr61 in Vascular SMCs in
Response to LPA Stimulation-Although growth factor induction of Cyr61 expression has been reported (7, 22) , the dynamics of intracellular trafficking of endogenous Cyr61 have not been documented. To investigate the intracellular dynamic expression of the induced Cyr61 protein, we used immunofluorescence microscopy technology to trace the induced Cyr61 protein intracellularly. Cells were cultured on cover glass slides for the selected time frames in response to LPA stimulation as indicated under "Experimental Procedures" and then fixed in 4% paraformaldehyde followed by permeabilization with 0.3% Triton X-100. Green fluorescence indicates Cyr61 protein location. Interestingly, we found a dynamic expression of Cyr61 (green), which was concentrated in specific intracel- The LPA-Cyr61-integrin-FAK Pathway Controls Cell Migration lular compartments after 1 h of LPA treatment ( Fig. 2A, top  panel) . However, the accumulation was transient and disappeared after 3 h of LPA treatment ( Fig. 2A) . It has been postulated that Cyr61 contains an N-terminal secretory signal sequence (7), suggesting that Cyr61 proteins pass through a secretory pathway. Given that after synthesis, secretory proteins are transported to the Golgi apparatus, where they intensively concentrate (23, 24), we assessed whether LPA-induced Cyr61 accumulates in the Golgi apparatus. Merged images shown in Fig. 2A (bottom panel) indicate that at 1 h of LPA stimulation, Cyr61 colocalized with the Golgi marker ␥-adaptin, appearing in yellow. These data demonstrate that LPA-induced Cyr61 transiently and highly accumulates in the SMC Golgi apparatus, peaking at 1 h and disappearing after 3 h. We further detected extracellular Cyr61 accumulation in response to 3 h of LPA stimulation (Fig. 2B) . Cells with or without LPA treatment were fixed in 4% paraformaldehyde without Triton permeabilization. Our data demonstrated that LPA induced Cyr61 via an intracellular secretary pathway through accumulation at the Golgi apparatus and translocation to the extracellular compartment.
The Destination of LPA-induced Cyr61 Protein Is in the ECMThe above data suggest that LPA-induced Cyr61 via the secretory pathway is translocated extracellularly. To determine whether LPA-induced Cyr61 is located in ECM or in medium, we collected conditioned medium of SMCs at various time points after LPA stimulation; the collected medium were immunoprecipitated with the specific Cyr61 antibody. Western analysis results indicated that LPA-induced Cyr61 was not secreted into conditioned medium (Fig. 3A) . To determine whether LPA-induced Cyr61 is secreted into ECM, we assessed Cyr61 accumulation in ECM as compared with that accumulated intracellularly. At various time points, cells stimulated with or without LPA were detached from the cultured dishes with 1 mM EDTA. After removal of the cellular fraction, the ECM was collected by incubation in Laemmli sample buffer at 90°C for 1 h followed by scraping of the dish as described previously (20). As shown in Fig. 3 , B and C, Western analysis from the paired groups of detached cell lysates and ECM indicate that the de novo synthesized Cyr61 was first highly accumulated intracellularly at 40 min, peaked around 1 h, and disappeared after 5 h. Accompanying this dynamic intracellular process, Cyr61 started to accumulate in the ECM at 1 h, peaking at 1-3 h, and lasting after 24 h. Therefore, LPA-induced Cyr61 protein went through the intracellular pathway, was promptly secreted into the ECM compartment, and bound to the matrix without release from the matrix into the medium.
LPA Receptor 1 (LPA 1 ) Mediates Cyr61 Expression-Although LPA transduces its signal mainly via its cognate cell membrane receptors (11) , the possibility of the involvement of nuclear receptor PPAR␥ that binds to LPA has also been reported (13) . To determine the involvement of PPAR␥, we first tested whether PPAR␥-specific antagonist GW9662 had an effect on LPA-induced Cyr61 expression. As shown in Fig. 4A , A, LPAinduced Cyr61 protein was detected in cell lysates but not in conditioned medium. Conditioned medium or cell lysates were collected after LPA stimulation of SMCs for various times, and then the conditioned medium and cell lysates were immunoprecipitated with the specific Cyr61 antibody. Western blot analysis of Cyr61 protein was carried out using a specific Cyr61 antibody. IgG heavy chain and Cyr61 bands were detected. B, Western blot analysis of SMCs detached from culture dishes. Cells were detached from the dishes with 1 mM EDTA at various times as indicated and lysed in lysis buffer followed by Western blot analysis. ␤-Actin was used to assess protein loading. C, Western blot analysis of ECM proteins. ECM remaining on the culture dishes was extracted in Laemmli sample buffer (described under "Experimental Procedures") and then subjected to Western blot analysis.
The LPA-Cyr61-integrin-FAK Pathway Controls Cell Migration
GW9662 had no effect on LPA-induced Cyr61 expression. A dose of 1 M was reported to efficiently block PPAR␥ activation in vascular SMCs (53) . Our data indicate that PPAR␥ was not involved in the LPA-induced Cyr61 expression.
Thus far, at least six G-protein-coupled LPA receptors (LPA [1] [2] [3] [4] [5] [6] ) have been reported (12) . To determine the role of cell surface G-protein-coupled LPA receptors in Cyr61 expression, we first analyzed the expression levels of the well established LPA receptors (LPA [1] [2] [3] [4] [5] ) in mouse SMCs by RT-PCR. The results show the expression levels as follows: LPA 1 Ͼ LPA 2 ϭ LPA 4 ϾϾ LPA 3 (Fig. 4B) ; clearly, the expression levels of LPA 3 are very low, and LPA 5 is not expressed in SMCs. We next sought to examine the expression relationship among these LPA receptors to evaluate 1) whether one LPA receptor deficiency alters expression of the other LPA receptors and 2) whether LPA receptor expression is influenced by LPA using SMCs isolated from wild type or LPA receptor knock-out mice. A previous study speculated that deficiency in LPA 1 enhanced LPA 3 expression in mouse SMCs based on a real-time PCR result (25). We employed three approaches (RT-PCR, Northern blotting, and Western blotting) to examine whether deficiency in LPA 1 or LPA 2 affects LPA 3 expression at both the mRNA (indirect and direct levels) and the protein levels in mouse SMCs. As shown in Fig. 4C , neither LPA 1 deficiency nor LPA 2 deficiency has an effect on LPA 3 expression. We observed that LPA does not up-regulate LPA 3 expression in either wild type SMCs or LPA 1 -deficient SMCs (Fig. 4D) . Furthermore, our Northern results indicate that deficiency of any one LPA receptor (LPA 1-3 ) does not affect expression of other LPA receptors in SMCs (Fig. 4E) . Altogether, these results support a notion that no one kind of endogenous LPA receptor expression (LPA [1] [2] [3] [4] [5] ) in SMCs is influenced by deficiency of any one other kind of LPA receptor (LPA 1-3 ).
To address the role of LPA receptors in Cyr61 expression, we used SMCs from LPA receptor knock-out mice and compared Cyr61 expression in response to LPA in wild type SMCs with those isolated from either the LPA 1 or the LPA 2 knock-out mice. As shown in Fig. 4F , knock-out of LPA 1 nearly completely blocked LPA induction of Cyr61 expression as compared with wild type SMCs; however, knock-out of LPA 2 expression had almost no effect on Cyr61 expression, indicating that LPA 1 was the major responsible receptor mediating LPA signaling leading to Cyr61 expression.
De Novo Expression of Cyr61 Induced by LPA Mediates LPAinduced Cell Migration-We next pursued the biological function of the de novo synthesized Cyr61 by LPA in SMCs. LPA has been shown to induce SMC migration (26); however, whether de novo, LPA-synthesized Cyr61 plays a role in LPA pathway mediation of cell migration is undocumented. We hypothesized that LPA-induced de novo Cyr61 contributes to LPA signaling for SMC migration in light of evidence that the exogenous addition of recombinant Cyr61 stimulates bovine SMC chemotaxis (15). To test our hypothesis, we first determined whether recombinant Cyr61 induced SMC migration. As shown in Fig. 5A , recombinant Cyr61 dose-dependently induced SMC migration. Secondly, we determined whether neutralizing Cyr61 function by Cyr61 antibody affected LPAinduced SMC migration. As shown in Fig. 5B , our data clearly demonstrate that pretreatment with Cyr61 antibody largely blocked LPA-induced SMC migration. Thirdly, we tested whether depletion of the newly synthesized Cyr61 with Cyr61 siRNA had any effect on LPA-induced SMC migration. As shown in Fig. 5 , C and D, our results reveal that knockdown of the newly synthesized Cyr61 nearly completely blocked LPA signaling for cell migration. Together, these data strongly support a new role for the de novo synthesized Cyr61 in LPA-induced cell migration. These data further indicate that the newly synthesized extracellular Cyr61 is an important component of the LPA signaling pathway leading to LPA-stimulated cellular function. 
LPA 1 , but Not the Nuclear Receptor PPAR␥, Mediates LPAinduced SMC Migration in SMCs-
The above data indicate that LPA 1 mediates Cyr61 expression in SMCs and that Cyr61 mediates LPA signaling, leading to cell migration. Next we addressed whether LPA 1 is the major LPA receptor that mediates LPA-induced SMC migration. We demonstrated that SMCs from LPA 1 knock-out mice failed to respond to LPA stimulation for migration. However, we did not observe significant changes in migration rate in the LPA 2 knock-out SMCs as compared with the wild type SMCs, indicating that LPA 1 but not LPA 2 mainly controls SMC migration (Fig. 6, A and B) . These data are consistent with our observation that upstream LPA 1 mediates Cyr61 expression and that synthesized Cyr61 contributes to LPA-induced SMC migration. We next evaluated the possibility of nuclear receptor PPAR␥ involvement in LPA-induced SMC migration. The PPAR␥-specific antagonist GW9662 at effective dose ranges had no effect on LPA-induced SMC migration (Fig. 6C) , indicating that PPAR␥ has no role in LPA-induced SMC migration.
Focal Adhesion Kinase (FAK) Is a Downstream Component of Cyr61 in the LPA Signaling Pathway, and Cyr61
Mediates FAK Activation in SMCs-To determine the molecular mechanism by which Cyr61 mediates LPA-induced cell migration, we examined 1) whether FAK activation is the late event of LPA signaling, 2) whether Cyr61 mediates FAK activation, and 3) whether inhibition of FAK activity and down-regulation of FAK expression affect LPA-induced SMC migration. Intracellular FAK activation is important in cell migration because it regulates dynamics of cell adhesion, actin polymerization, and cytoskeleton reorganization (27-29). Several sites of tyrosine phosphorylation have been identified in FAK to mediate FAK activity or FAK interaction with SH2 domain-containing proteins. The major autophosphorylation site Tyr-397 is essential for the majority of FAK functions (30). The phosphorylated Tyr-397 site, via other protein mediators, phosphorylates Tyr-576 and Tyr-577 in the activation loop of the FAK enzyme (31) and Tyr-861 at the C-terminal domain (32). We found that stimulation with LPA induced late-phase FAK activation, peaking around 2-3 h (Fig. 7A) and suggesting that FAK activation may be the downstream factor of Cyr61 in response to LPA. To test our hypothesis, we examined whether depletion of Cyr61 using specific Cyr61 siRNA had an effect on FAK activation. As shown in Fig. 7B , down-regulation of Cyr61 effectively blocked the activation of FAK, indicating that LPA-induced Cyr61 mediates LPA-induced FAK activation. We next examined the functional role of FAK in LPA-induced SMC migration. Pretreatment of SMCs with PF573228, the specific inhibitor of FAK, dose-dependently blocked LPA-induced migration (Fig.  7C) , suggesting that FAK is involved in LPA-induced cell migration. Knockdown of FAK expression with the specific siRNA completely blocked LPA-induced SMC migration (Fig.  7D) , indicating that FAK is a key regulatory molecule in the LPA signaling pathway mediating SMC migration.
Integrins ␣6␤1 and ␣v␤3 Are Mediators of the LPA-Cyr61 Pathway Modulating LPA-induced FAK Activation and Cell Migration-To further explore the molecular mechanisms by which the LPA-Cyr61 signaling pathway leads to SMC migration, we examined the role of cell membrane integrins in the LPA-Cyr61-FAK axis because integrins have been shown to mediate growth factor-induced FAK activation and cell migration (33-35) and integrin ␣6␤1 was reported to interact with exogenous recombinant Cyr61 (15). Currently, whether and how integrins mediate LPA-induced SMC migration is unknown. To assess the role of integrins in LPA-induced SMC migration, we evaluated the effect of specific integrin antibodies on LPA-induced SMC migration. A number of integrin subunits such as ␣5, ␣6, ␤1, ␤3, ␤5, ␣6␤1, and ␣␤3 are expressed in SMCs (36 -38) . We found that the specific antibodies against ␣6, ␤1, or ␣␤3 blocked LPA-induced SMC migration, but the antibodies against ␤4 and ␤5 had no effect on LPA-induced SMC migration (Fig. 8A) , suggesting that integrins ␣6␤1 and ␣␤3 are required for LPA-induced SMC migration. To confirm the role of ␣6␤1 and ␣␤3 in LPA-induced SMC migration, we took another approach to knock down the expression of the ␣6, ␤1, and ␤3 subunits using specific siRNAs against each subunit. As shown in Fig. 8, B and C, knockdown of ␣6, ␤1, or ␤3 completely blocked LPA-induced SMC migration, indicating that integrins ␣6␤1 and ␣␤3 mediate LPA-induced SMC migration. To explore the mechanism by which these integrins mediate that migration, we examined whether knockdown of these integrins had an effect on LPA-induced phosphorylation of FAK. As shown in Fig. 8D , knockdown of ␣6, ␤1, or ␤3 nearly completely blocked LPA-induced FAK activation. These results indicate that integrins ␣6␤1 and ␣␤3 at the cytoplasmic membrane transduce the LPA-Cyr61 signal to intracellular FAK, leading to SMC migration.
Taken together, as summarized in Fig. 9 , the current data provide the first evidence that the de novo matricellular protein Cyr61 in the ECM bridges LPA and integrin pathways, which in turn, activate FAK, leading to cell migration.
DISCUSSION
Aortic SMC migration from media to intima is an important process in the development of atherosclerosis. Many factors contribute to SMC migration (39), including oxidized LDL and its oxidative lipid components. We previously found that of the tested lipids of oxidized LDL, LPA is the prominent chemotactic lipid component (2) involved in SMC migration.
As illustrated in Fig. 9 , in the current study, we identified that matricellular protein Cyr61 is a key molecule in the LPA signaling pathway, controlling LPA-induced SMC migration. Our data further reveal that Cyr61, via activation of FAK, leads to SMC migration and that plasma membrane receptor integrins ␣6␤1 and ␣␤3 are essential molecules mediating LPA-induced extracellular molecule Cyr61 signaling; these integrins transduce Cyr61 signaling toward intracellular FAK activation. Our results, to the best of our knowledge, show the first evidence that Cyr61 bridges LPA and integrin signaling pathways leading to cell migration. Previously, a study demonstrated that Cyr61 mediates thrombin-induced astrocytoma cell proliferation (40) . A recent study described that Cyr61 mediates LPAinduced prostate tumor cell invasion, suggesting that Cyr61 is a potential biomarker correlating with prostate cancer aggressiveness (41) . Our results that Cyr61 bridges LPA signaling and integrin signaling, leading to SMC migration, demonstrate that Cyr61 is a potentially important molecule that connects intracellular and extracellular information and thus contributes to atherogenesis.
Our data demonstrate that LPA markedly induces Cyr61 expression in SMCs in intracellular compartments and the ECM. LPA-induced Cyr61 proteins, via the secretion pathway, transiently accumulate in the Golgi apparatus and then translocate to the ECM. These results provide the first evidence that endogenous Cyr61 is through the intracellular Golgi secretory pathway before its translocation to the ECM. Although nuclear receptor PPAR␥ has been reported to be an intracellular receptor for LPA (13) , its role in LPA-dependent effects was not observed, consistent with other studies (42) . Instead, we found that LPA mediates Cyr61 expression and SMC migration via a cell membrane-specific, receptor-mediated LPA 1 signaling pathway. Using primary SMCs isolated from specific LPA receptor knock-out mice, our results reveal that LPA 1 is required for Cyr61 induction and SMC migration.
Data from a series of experimental results support our conclusion that Cyr61 is the key molecule mediating LPA-induced SMC migration (Fig. 5) . 1) Recombinant protein Cyr61 dosedependently induced SMC migration; 2) pretreatment with Cyr61-specific antibody from various sources (Fig. 5 and data not shown) blocked LPA-induced SMC migration; and 3) pretreatment with Cyr61-specific siRNA nearly completely blocked LPA-induced SMC migration. Therefore, de novo Cyr61 protein synthesized by LPA in the ECM appears to be a key mediator continually transducing LPA signals to the intracellular compartment to execute the effect of LPA.
Integrins are transmembrane receptors and have been reported to transmit "inside-out" and "outside-in" signaling; for review, see Ref. 43 . As compared with the well documented fact that integrins serve as receptors to interact with ECM proteins such as laminin, fibronectin, collagen, and vitronectin, the relationship between matricellular protein Cyr61 and integrins, as well as the connected signaling pathways and the derived biological consequences from these interactions, remains largely unelucidated. LPA signaling has diverse effects on adhesion molecules including focal adhesions (44) and integrins (45) . Studies conducted in the Lau laboratory have revealed various properties of integrin interaction with Cyr61, as follows: interaction of integrin ␣␤3 with Cyr61 mediates fibroblast proliferation and endothelial cell adhesion and migration (8, 46, 47) ; interaction of integrin ␣IIb␤3 with Cyr61 mediates blood platelet adhesion (48) ; interaction of integrin ␣␤5 with Cyr61 mediates fibroblast migration (46) ; interaction of integrin ␣6␤1 with Cyr61 mediates human skin fibroblast adhesion (49) , bovine aortic SMC migration (15), and fibroblast senescence (50) ; and interaction of both ␣␤5 and ␣6␤1 with Cyr61 mediates apoptosis (51). These results indicate that the specific interactions between Cyr61 and integrins mediate diverse and specific cell functions. A previous study described that integrin subunit ␤1 is involved in LPA signaling pathway mediating fibroblastic cell migration (52) . However, whether the integrin pathway is connected with the LPA-Cyr61 pathway has been unknown. Our data demonstrate that integrins ␣6␤1 and ␣␤3 are downstream components of the LPA-Cyr61 axis, which mediates LPA-induced SMC migration. Therefore, the results of this study reveal that the LPA-Cyr61-integrin-FAK axis is an important pathway mediating SMC migration.
In summary, our study provides new evidence that de novo Cyr61 protein in the ECM serves as a novel bridging molecule that connects the two pathways, namely the LPA and integrin signaling pathways, leading to cell migration. The finding from this study provides new insights into molecular mechanisms underlying the development of many cell migration-related disorders, including atherosclerosis, restenosis, and cancers.
